Do humans integrate experience on specific routes into metric survey knowledge of the environment, or do they depend on a simpler strategy of landmark navigation? The authors tested this question using a novel shortcut paradigm during walking in a virtual environment. The authors find that participants could not take successful shortcuts in a desert world but could do so with dispersed landmarks in a forest. On catch trials, participants were drawn toward the displaced landmarks whether the landmarks were clustered near the target location or along the shortcut route. However, when landmarks appeared unreliable, participants fell back on coarse survey knowledge. Like honeybees (F. C. Dyer, 1991), humans do not appear to derive accurate cognitive maps from path integration to guide navigation but, instead, depend on landmarks when they are available.
The ability to navigate one's environment is an essential survival skill. Humans, like other mobile animals, must learn something about the layout of their environments in order to reliably locate food sites and other important resources, return home, or migrate between known locations. Researchers on human and animal navigation have often assumed that such spatial knowledge is similar to a cartographic representation, to the point of calling it a cognitive map (Gallistel, 1990; O'Keefe & Nadel, 1978; ThinusBlanc, 1987; Tolman, 1948) , though this remains controversial (Wang & Spelke, 2002) . Although, technically, a map could preserve many different geometric properties, many investigators have argued that cognitive maps possess euclidean structure, specifically, knowledge of metric distances and angles. It has often been suggested that, when learning the layout of a new environment, humans first learn particular routes to important locations and gradually build up survey knowledge of the environment (Hart & Moore, 1973; Shemyakin, 1961; Siegel & White, 1975) . If one can estimate the distances traveled and angles turned when traversing such routes, it is in principle possible to integrate these measurements into a metric cognitive map (Gallistel, 1990) .
This proposal raises two questions: First, do humans in fact integrate route-based knowledge into survey knowledge of the environmental layout? And if so, what is the geometric structure of this spatial knowledge? In particular, does it represent metric properties such as distances and angles between known locations, or some weaker knowledge of the layout? Although other authors have addressed the issue of navigation in large-scale urban environments in observational studies, in the present experiments, we restrict ourselves to walking behavior in a medium-scale (12 m ϫ 12 m) environment (see Appleyard, 1969 Appleyard, , 1970 Lee, 1962 Lee, , 1970 and, most notably, Lynch, 1960) . Here we investigate whether human adults build up metric spatial knowledge for navigation as they walk in a medium-scale environment, or whether they rely on a geometrically weaker landmark strategy. It is interesting to note that analogous questions have been raised recently in the literature on the perception of three-dimensional shape, with results that point toward a nonmetric landmark-based description of perceived shape (Koenderink, van Doorn, & Kappers, 1996; Phillips, Todd, Koenderink, & Kappers, 2003) .
Navigation Strategies and Spatial Knowledge
Navigation strategies may be classified in terms of the demands they place on memory storage and cognitive processing, independent of their implementation in a particular agent (Trullier, Wiener, Bertoz, & Meyer, 1997) . The most basic ability is locomotor guidance, the ability to travel successfully in relation to a perceptible beacon (e.g., toward or away from a visible goal), which can be performed online without any memory requirements (see also Nadel, 1990) . A slightly more complex strategy is landmark navigation, the ability to orient with respect to a known object or vista of a scene, which requires memory for a particular landmark or view. Path integration, or dead reckoning, is the ability of an agent to update the distance and direction traveled from a starting point (home). This requires storing either a minimal homing vector or a more complete record of the path traversed. Route-based navigation involves remembering specific sequences of positions, which may be defined as sequences of landmarks, junctions, vistas, homing vectors, turns, and so on. Finally, map-based navigation is predicated on some form of survey knowledge of the environmental layout (akin to the place hypothesis regarding relations between landmarks; see Nadel, 1990) . The underlying geometry of such a map, which might range from topological to projective, affine, or euclidean, offers a hierarchical classification from weak to progressively stronger spatial structure (Gallistel, 1990; Hirtle & Jonides, 1985; Suppes, Krantz, Luce, & Tversky, 1989) , although human knowledge may not fall neatly into any single class.
It is important for our purposes to note that measurements of distance and angular rotation from path integration could potentially be used to build up metric survey knowledge of an environment. Path integration involves the estimation of one's position within an external frame of reference by integrating information about one's linear and angular velocity or one's linear and angular acceleration (inertial navigation) to determine the distances and angles traversed, or by measuring them directly (dead reckoning). Path integration has been documented in many species, including desert ants (M. Collett & Collett, 2000; H. Mittelstaedt & Mittelstaedt, 1982; Muller & Wehner, 1988; Wehner & Wehner, 1986) , honeybees (Dyer, Berry, & Richard, 1993) , geese (von Saint Paul, 1982) , and gerbils (M. L. Mittelstaedt & Glasauer, 1991) . Information for path integration may come from internal body senses such as vestibular and proprioceptive systems (Berthoz, Israel, Georges-Francois, Grasso, & Tsuzuku, 1995) or from visual information such as optic flow (Srinivasan, Zhang, & Bidwell, 1997) , and the efficacy of these cues appears to degenerate with the age of the observer (Allen, Kirasic, Rashotte, & Haun, 2004) .
A standard test for path integration ability is homing in a triangle completion task. In this paradigm, a participant travels two legs of an outbound path and is then asked to turn and return to the starting point (home). Blind as well as blindfolded sighted humans are able to perform this task with moderate accuracy (Klatzky et al., 1990; Loomis et al., 1993) . However, mean absolute errors are approximately 23% of the distance of the third leg and 26% of the final angle, and mean signed errors indicate a regression to a mean response (e.g., toward an equilateral triangle). Recent experiments in virtual environments have indicated that humans can use optic flow for path integration with a similar resolution, but that the body senses strongly dominate in legged locomotion (Kearns, Warren, Duchon, & Tarr, 2002; Riecke, van Veen, & Bulthoff, 2000) . Models of path integration typically update a single homing vector, the current distance and direction to the home location (Maurer & Seguinot, 1995) . However, human response initiation times to return home appear to increase with path complexity, suggesting that some record of the outbound path may be involved (Fujita, Klatzky, Loomis, & Golledge, 1993) . Given that path integration reflects an ability to estimate distances and angles traversed, it might provide the basis for acquiring metric survey knowledge. However, the spatial resolution of human path integration appears to be rather poor in practice. This suggests that any resulting knowledge may be somewhat coarse.
Cognitive Maps and the Geometry of Spatial Knowledge
Tolman coined the term cognitive map to describe the "insight" or "inventive ideation" evinced by shortcuts taken by rats in search of food (Tolman & Honzik, 1930, pp. 215-232 ; see also Tolman, 1948) . Although the original data have been questioned and fail to replicate (Ciancia, 1991; Restle, 1957) , the notion of a cognitive map has persisted (Bennett, 1996) . O'Keefe and Nadel define a cognitive map as robust, flexible spatial knowledge acquired in unrewarded situations that affords multiple routes to a goal, and they and others have pursued the neural mechanisms that could support it (Burgess, Jeffery, & O'Keefe, 1999; Ekstrom et al., 2003; Hartley, Maguire, Spiers, & Burgess, 2003; Kahana, Sekuler, Caplan, Kirschen, & Madsen, 1999; Maguire et al., 1998; McNamara & Shelton, 2003; O'Keefe & Nadel, 1978) . In contrast with a single representation of space, other authors have proposed that cognitive maps that develop with the navigator's age or experience (Allen, Kirasic, Siegel, & Herman, 1979; Anooshian & Young, 1981; Devlin, 2001; Kirasic, Allen, & Haggerty, 1992) incorporate representations at different spatial scales (Hirtle & Jonides, 1985) , are hierarchically organized (Poucet, 1993) , may involve systematic distortions (Tversky, 1992) , or are described by weaker geometries. However, Gallistel (1990) defends the construct of a euclidean map, defining it as "a record in the central nervous system that . . . encompasses the geometric relations among points by means of metric position vectors so that any such relation is in principle recoverable" (Gallistel, 1990, pp. 103) .
Spatial knowledge may be classified on the basis of its underlying geometry, allowing clear predictions of the types of navigation behavior that is supported. Euclidean geometry is strong because it preserves the properties of collinearity, parallelism, metric angles, and distances, and thus provides an accurate representation of all geometric relations between any points in the environment. Cartographic atlases that embed traveled routes into a metric geographic coordinate frame are good examples of such spatial representations. One can test the availability of such a representation by asking participants to perform novel shortcuts between known locations or novel detours when a known route has been blocked. Such abilities would make metric cognitive maps an attractive basis for accurate navigation, and although there is some evidence that humans may possess spatial knowledge that is somewhat stronger than topological (see, e.g., Levine, Jankovic, & Palij, 1982; Thorndyke & Hayes-Roth, 1982) , to date there is little convincing evidence that humans or other animals possess the sort of integrated metric spatial knowledge as claimed by Gallistel (Bennett, 1996; Hamilton, Driscoll, & Sutherland, 2002; Morris, Garrud, Rawlins, & O'Keefe, 1982; Sutherland, Chew, Baker, & Linggard, 1987) .
Alternatively, weaker forms of spatial knowledge may also support successful navigation behavior. Route-based knowledge involves memory for multiple places in a definite sequence, and individual routes can be thought of as inflexible paths to a goal that must be followed in that exact sequence. As such, routes are easily disrupted if a landmark or other information is removed (Bennett, 1996; O'Keefe & Nadel, 1978) . However, routes may form a topological graph if common places are recognized and connected. Such a network preserves the connectivity and ordinal relations between places at the expense of stronger geometric relations (imagine a cartographic map printed on a rubber sheet).
Although topological navigation is not sufficient for the accurate performance of any novel shortcut, it does allow for successful navigation in many instances. It supports goal-directed travel (Golledge, 1999) , incorporates important boundary relations (Kuipers, Tecuci, & Stankiewicz, 2003) , and permits recovery from detours if the agent finds a previously known path (Trullier et al., 1997) . Moreover, perception of distant landmarks on known routes can enable both novel shortcuts and detours, yielding apparently metric behavior on the basis of topological knowledge. There is behavioral evidence that highly skilled taxi drivers demonstrate this method of navigation (Chase, 1983; Giraudo & Pe-ruch, 1988; Maguire, Frackowiak, & Frith, 1997; Peruch, Giraudo, & Garling, 1989) , as do humans traveling in virtual mazes or towns (Gillner & Mallot, 1998) . When asked to walk to known locations in a virtual environment when metric and topological properties are put in competition, humans appear to rely more on topological properties such as target order, overall landmark configuration, or enclosure relationships (Harrison, Warren, & Tarr, 2004; Spetch et al., 1997; Waller, Loomis, Golledge, & Beall, 2000) over metric properties to walk to known locations.
Novel Shortcuts: The Honeybee Paradigm Gallistel (1990) argued that birds, rats, primates, and even insects demonstrate the possession of a metric cognitive map through their ability to perform novel shortcuts. The present experiments are inspired by the celebrated example of the honeybee (Gould, 1986; Gould & Gould, 1982) . In this paradigm, bees are first trained to fly consistently and accurately from the hive to two feeding sites. The feeders thus form two legs of a triangle with the home location at the apex. Second, as bees leave the hive en route to one feeder, they are captured and displaced to the other feeder location. If the bees are able to take a novel shortcut from their displaced location directly to the first feeder (akin to performing vector subtraction), this is taken as evidence that they have learned the metric locations of the feeding sites by combining distance and direction information from the learned routes. Most of the honeybees demonstrated this shortcut ability, leading Gould (1986; Gould & Gould, 1982) to conclude that they possess a mental map for navigation.
However, subsequent researchers were unable to replicate these findings. It appeared that successful shortcut performance was attributable either to prominent visual landmarks that were visible from the displaced location or to sun compass information (Dyer, 1991; Dyer et al., 1993; Menzel, Chittka, Eichmuller, Peitsch, & Knoll, 1990; Wehner, Bleuler, Nievergelt, & Shah, 1990) . Furthermore, because the foraging area for the bees was not controlled prior to testing, the traversed terrain may have been familiar to the bees, and the shortcut may not have been truly novel. Such simpler explanations must be ruled out before shortcut behavior is taken as evidence of a metric cognitive map (Bennett, 1996) .
In the present experiments, we used the honeybee paradigm to test whether humans integrate practiced routes into metric survey knowledge that supports novel shortcuts or whether they rely on a computationally simpler strategy such as landmark navigation. We took advantage of immersive virtual reality (VR) techniques that allowed us to manipulate the visual environment during actual walking behavior. Participants viewed an interactive environment in a head-mounted display while walking freely in a 12 m ϫ 12 m room, and their paths were recorded . This was an improvement on previous pencil-and-paper or passive judgment tasks (see Golledge, 1999) because it allowed us to make inferences about spatial knowledge on the basis of ongoing navigation behavior. The free-walking VR is also an improvement over desktop techniques (e.g., Hamilton et al., 2002; Ruddle, Payne, & Jones, 1998 , because important body-based inertial cues that have been shown to be important in active exploration of a large-scale space do not conflict with visual information, and natural walking behavior can be studied (Klatzky, Loomis, Beall, Chance, & Golledge, 1998; Waller, Loomis, & Haun, 2004; Waller, Loomis, & Steck, 2003) .
Finally, although it was not a primary aim of these experiments, the ability to carefully manipulate and observe natural walking may allow us to address the question of sex differences across navigation behavior. Many findings in the literature suggest that men are more accurate at orientating and use cardinal directions (e.g., north, south, east, and west) more often than women do (Anooshian & Young, 1981; Galea & Kimura, 1993; Holding & Holding, 1989; Lawton, Charleston, & Zieles, 1996; MacFadden, Elias, & Saucier, 2003; Saucier, Green, et al., 2002; Ward, Newcombe, & Overton, 1986) . In addition, researchers have observed that women prefer landmark navigation and demonstrate better spatial recall than men (Galea & Kimura, 1993; Tottenham, Saucier, Elias, & Gutwin, 2003) . Finally, men consistently self-report more confidence in their navigation abilities (Devlin, 2003; Devlin & Bernstein, 1995 Holding, 1992) and less anxiety upon finding themselves lost. Most interesting, when asked to judge the sex of unknown persons from the directions they give to a novel location, both sexes demonstrate a strong bias conforming to stereotypical sex differences that in fact did not exist among those original direction-givers (Devlin, 2003) .
Even though stereotypical navigational differences between men and women persist and have been attributed to differences in the central nervous system (Devlin, 2001; Galea & Kimura, 1993; Gron, Wunderlich, Spitzer, Tomczak, & Riepe, 2000; Kimura, 1992 Kimura, , 1999 , during laboratory experiments, they appear to be quite task-specific, and no clear pattern has emerged (Devlin, 2001) . For example, across desktop VR experiments, women have alternately been observed to overturn (Kearns et al., 2002) and perform more accurately than men as well as consistently under turn and navigate less accurately than men (Moffat, Hampson, & Hatzipantelis, 1998; Sandstrom, Kaufman, & Huettel, 1998) . In free-walking VR, women under turn but perform a homing task more accurately than men do (Kearns et al., 2002) . In general, women self-report more anxiety in VR than men do (Kearns et al., 2002; Sakthivel, Patterson, & Cruz-Neira, 1999) and may be less susceptible to multisensory recalibration in VR (Viaud-Delmon, Ivanenko, Berthoz, & Jouvent, 1998) . However, contrary to previous evidence, women do not appear to use landmarks in these situations more than their counterparts. Our present, highly controlled, yet quite natural-feeling (i.e., immersive) experimental VR paradigm may afford the opportunity to obtain clearer results regarding these issues.
Experiment 1: Survey Knowledge and Landmark Navigation Do humans combine traveled routes into a survey representation that permits metric navigation in the environment? In Experiment 1, we trained adults on two legs of a triangle and the angle between them until they could consistently travel each individual route with high accuracy. Following training, they were asked to walk the novel shortcut between the endpoints of the two legs of the triangle. In principle, participants should be able to estimate the distances and angle traveled from path integration and combine the practiced routes into a metric spatial representation. If so, then accurate novel shortcuts would be expected.
In order to avoid the criticisms leveled at earlier experiments (i.e., environment was not truly novel, availability of global landmarks or the use of the sun as a compass, see Bennett, 1996) , we used a virtual desert world that was visually minimal and truly novel. Information for path integration was available from optic flow, proprioception, and the vestibular system, but no other orientation cues were present, and other navigation strategies were not supported. To compare performance when a computationally simpler landmark strategy was available, we also tested a forest environment that contained multicolored posts. If participants relied on landmarks such as configurations of posts to guide their shortcuts, we might expect more accurate performance in the forest environment than we did in the desert environment.
However, because the forest world provides not only potential landmarks but richer optic flow structure (which supports path integration, see, e.g., Kearns et al., 2002; Srinivasan et al., 1997) as well, we included a control random forest world in this experiment. In the random forest, the same rich visual structure of the forest was available, but the configuration of posts was randomly changed on every trial, destroying their potential use as landmarks. Moreover, in all three worlds, no obvious visual cues (e.g., salient axes or conceptual norths) that have been shown to bias spatial memory toward particular geocentric reference systems in both small-and large-scale environments were available (McNamara, Rump, & Werner, 2003; Shelton & McNamara, 2001 ).
Method Participants
In exchange for $10, 24 naïve adults (13 women and 11 men) age 18 -32 years participated in this experiment. All participants were undergraduate or graduate students at Brown University and signed informed consent waivers in accordance with the ethical standards of the American Psychological Association.
Apparatus
This experiment was conducted in the Virtual Environment and Navigation Laboratory (VENLab) at Brown University. The VENLab consists of a tethered head-mounted display (HMD, Kaiser Electro-Optics Proview 80, Carlsbad, California) and a combination sonic-inertial tracking system (Intersense IS-900 Virtual Environment Tracker, InterSense, Burlington, Massachusetts) that covers a 12 m ϫ 12 m walking area. The HMD provides a stereoscopic display with a 60°horizontal (H) ϫ 40°vertical (V) field of view, and a resolution of 640 H ϫ 480 V pixels for each eye. HMD images were refreshed at a rate of 60 Hz with a total measured display latency of 50 ms. The tracker provides six-degrees-of-freedom measurements of the participant's head position and orientation at 60 Hz (within 1.5 mm and 0.05°accuracy, respectively). Head position and orientation data were downsampled and recorded at 30 Hz. Immersion in the virtual world is aided by a black baffle that blocks out extraneous light and earphones that introduce low-volume acoustic white noise, masking any external orientation cues.
Displays
We generated virtual environments on a Silicon Graphics Onyx2 Infinite Reality Engine (Silicon Graphics, Mountain View, California) using World Tool Kit software from Sense8 (San Rafael, California). Three different environments were presented, a desert world consisting of a textured ground plane (see Figure 1A ), a forest world in which colored poles were added on the ground plane (see Figure 1B) , and a random forest world in which the positions of the colored poles changed on every trial. The virtual desert consisted of a blue sky above a circular ground plane (100 m in diameter) that was textured with a multiscale random gray pattern. In both forest worlds, the same ground plane was used, but within the immediate (22 m in diameter) walking area, 400 colored posts (2 m high and 0.1 m wide) were randomly positioned. This resulted in an approximate density of 1 post/m 2 . In the forest world, the same random configuration was used for all participants, and as noted previously, in the random forest world, the configuration of the poles changed with every trial. Each post was mapped with a granite texture, and its color was randomly selected from a set of ϳ65,000 colors. The forest world thus provided multiple potential local visual landmarks during the experiment, and the random forest provided equivalent optic flow structure without providing stable landmarks. In contrast, target posts were taller so that they would be visible (5 m tall, 0.1 m in diameter) and had a flat-shaded color.
Procedure
Participants learned to walk two legs of a triangle and the angle between them (see Figure 2 ) and were told that they would be tested on their ability to walk to different locations they had learned. In fact, they were to be tested on the shortcut corresponding to the third leg of the triangle. The triangle consisted of two 8.0-m legs (home to red target, and home to blue target), a vertex angle of 73°, and a 9.5-m shortcut (red to blue and vice versa). Participants were trained on the two legs of the triangle until they could consistently walk to within 1 m of each target, received a 5-min rest, and then participated in the test trials.
Rejection of participants who did not learn target locations. If participants were unable to reach the 1-m accuracy criterion around the home, red, or blue targets after 50 practice trials (approximately 1 hr of training), they were rejected from the experiment. The only participants rejected in this experiment were the 8 that were assigned to the random forest.
Training. Participants were randomly assigned to either the desert or forest world and given a set of familiarization trials. During these trials and the subsequent training, the order of presentation was randomly selected so that half of the participants began the training with the home-blue leg and the other half started with the home-red leg; we describe the latter sequence here. The session started with a familiarization period. Participants began at home, were shown the red target and were asked to walk to it. They were then shown the yellow post at the home position and walked back to it. Once at home, they were instructed to turn in place to face the blue target and walk the home-blue leg in a similar fashion. Training trials then formally began.
During training, the target poles were removed from the environment and participants walked to the remembered location of each target, with feedback. First, a participant repeatedly walked back and forth along the home-red leg until his or her final position was within 1 m of the target position (both red and home). On each pass, participants stopped and verbally reported when they believed they had reached the target location, at which point the target post appeared in its true location, and the participants corrected any error by walking to it. Each participant was then told to remain at the home position, turn in place to face the remembered blue target position, and repeatedly walk the home-blue leg. Once the 1-m accuracy criterion was met for the second leg, the procedure was repeated. Thus, at the completion of the training period, all participants had successfully walked to within 1 m of the red and blue target positions twice, walked to home four times, and turned through the vertex angle three times.
Testing. Following the training period, participants were tested both on the learned legs and on the novel shortcut. Participants repeatedly walked randomly presented segments (i.e., home-red, home-blue, red-blue, or blue-red) without feedback in 4-trial blocks, for a total of 16 test trials. Participants never walked the complete circuit (as in a triangle completion task) because this would have allowed them to complete the shortcut using continuous path integration rather than spatial knowledge of learned locations. Instead, a wheelchair was used to transport the participant through a confusing, looping route (that varied on each trial and included several turns to discourage continuous updating by participants) to an initial location for each test trial, with the visual display turned off. To ensure that each test trial was begun in a known location and orientation, the participant was then led by guided walking to the start position for that trial with the display turned on and told about his or her location. For example, to test the blue-red shortcut, the participant was first blindly wheeled to home, guide-walked to the blue target location, and then told that he or she had just walked from home to blue. Participants thus started the trial knowing that they were at blue with home directly behind them. Each participant was then instructed to walk directly to a remembered target location (e.g., red) in the physical room without looking backward and without backtracking along a previously learned route (e.g., walking blue-home-red). When participants reported that they had reached the target location, they were returned to the wheelchair, the display was turned off, and they were wheeled to the initial location for the next trial.
Analyses. Twenty-four participants produced 16 test trials each, providing a total of 384 trials that were included in the following data analysis. An ideal path was defined as the direct straight path between the start and target positions, and participants' paths were evaluated with reference to that ideal path. We used four measures to quantify participants' performance on test trials: (a) At the beginning of each test trial, we recorded the signed initial orientation error, defined as the angular difference between the ideal path and the participant's path at the point at which he or she left a 1-m circle at about the start position. We calculated this error with an egocentric reference and defined it as positive if participants overturned in the direction of the home vertex and negative if they underturned regardless of whether they were at red or blue or whether the turn in question was clockwise or counterclockwise; (b) At the end of a test trial, we computed the path length as the magnitude of the response vector that connected the participant's start position and final position (c). We defined the signed final orientation error as the angular difference between the ideal path vector and the response vector (d). Finally, we measured the final position error as the euclidean distance between the participant's final position and the actual target position.
For the two linear dependent measures of path length and final position error, we performed 2 (visual world: desert or forest) ϫ 2 (path type: practiced leg or novel shortcut) ϫ 2 (participant sex) mixed-design analyses of variance (ANOVA) with a Type I error rate set at .05. We performed these same analyses on the SDs (of each participant) of path length and final position error. In contrast, we analyzed the two angular dependent measures (initial and final orientation error) with multiple sample Watson-Williams tests for circular data. The Watson-Williams test is recommended for angular measures for direction because they are cyclic (e.g., west can be described by Ϫ90°, 270°, 270 ϩ 360°, etc.) and thus behave quite differently from linear variables. Furthermore, whereas the Watson-Williams is a two-sample test, there do not exist (to our knowledge) analogous circular tests to an n-way mixed ANOVA (Batschelet, 1981) . Therefore, we used the Watson-Williams test, running each main effect and interaction separately. We computed the angular deviation (AD) of signed orientation, which is analogous to a standard deviation, for each participant, and we compared variability across conditions using the Watson-Williams parametric test for concentration parameters (Batschelet, 1981) . Figure 2 . Metric shortcut test. Participants repeatedly practiced walking the legs (home-red, home-blue, and the reverse paths) of this configuration and the angle between them during training with feedback until they met the performance criterion. During the testing, participants were asked to produce (without feedback) the legs previously walked, and the novel shortcut (dotted line) between the endpoints (red-blue, blue-red). Note: During the shortcut testing, participants walked directly between endpoints and were not allowed to traverse previously learned paths (e.g., bluehome-red). deg ϭ degrees.
Results
None of the 8 participants (4 men and 4 women) were able to successfully learn the triangle configuration in the random forest condition. In sharp contrast, the remaining 16 participants in the desert and forest worlds produced 16 successful test trials each, providing a total of 256 trials that were included in the following data analysis.
Walking responses are illustrated with sample paths from representative participants in the desert world (see Figure 3 ) and the forest world (see Figure 4) . Panels A and B of each figure present test trials on the practiced legs, whereas Panels C and D present trials for the novel shortcut (in both directions). Note that in the desert world, the paths gradually diverged from their starting point as initial orientation errors accumulated over time, leading to large errors in final position and orientation. This is characteristic of path integration performance in human triangle completion tasks. By contrast, in the forest world, initial orientation errors tended to be smaller, and any drift was corrected midcourse, yielding small final errors. This pattern is consistent with reliance on visible landmarks to home in on a learned target location. Quantitative results for each dependent measure are summarized in Table 1 , and we describe them in detail here.
Initial Orientation
The initial orientation of target path on the practiced legs was highly accurate in forest world but was systematically underestimated by both sexes in the desert world (see Table 1 ). During novel shortcuts, this pattern of results was replicated by men, but women underestimated target orientation in the forest (Ϫ11.13°) and even more so in the desert (Ϫ24.23°). A Visual World ϫ Path Type ϫ Sex interaction confirmed this effect, F(7, 254) ϭ 8.41, p Ͻ .01. In addition, the variability in initial orientation was significantly less for men in the forest than in it was for men in the desert, whereas it remained high for women in all conditions, F(3, 30) ϭ 3.132, p Ͻ .05. These results suggest that male participants could reproduce a learned turning angle and a shortcut direction in the forest but systematically underestimated orientation angles in the desert. Female participants were accurate when reproducing learned turning angles in the forest but consistently underestimated target orientation across all other conditions. If one tempers the aforementioned observations of gender differences (because of small sample sizes), one observes a significant Visual World ϫ Path Type interaction, F(3, 254) ϭ 5.34, p Ͻ .01, across initial orientation means, and a significant visual world main effect F(1, 30) ϭ 58.60, p Ͻ .01, across initial orientation variability.
Path Length
Did participants travel the correct distance to the target? Unlike the previous initial orientation results, the Visual World ϫ Path Type ϫ Sex interaction was not significant here (see Table 1 ). Instead, a significant Visual World ϫ Path Type interaction revealed that mean path lengths were close to the required (800 cm) The upper row shows a participant successfully walking the (A) home-red and (B) home-blue paths that he or she practiced in training. The bottom row shows the same person attempting to complete the novel shortcut from (C) blue-red and (D) red-blue. Participants' responses in this featureless landscape were characterized by a highly variable initial estimation of target direction and a lack of corrective actions as the trial progressed, resulting in a large final position error. Participants were unable to successfully complete the novel shortcut in this world. distance for all practiced legs and shortcuts (950 cm) in the forest, but during desert shortcuts, participants of both sexes significantly undershot the actual distances by 27%, F(1, 124) ϭ 38.54, p Ͻ .001. In addition, a significant Path Type ϫ Sex interaction demonstrated that female participants undershot novel shortcuts more than men, F(1, 124) ϭ 5.10, p Ͻ .05. Finally, a significant Visual World ϫ Sex interaction confirmed that female participants underwalked required distances more than men in the desert, F(1, 124) ϭ 6.13, p Ͻ .05. There were no significant differences for path length variability across any conditions (all ps Ͼ .05).
Final Position and Orientation
How well did participants navigate to remembered target locations? On learned legs, a Visual World ϫ Path Type interaction established that position errors in the desert were more than three times those in the forest, and that on shortcuts they were nearly five times as great, F(1, 124) ϭ 9.42, p Ͻ .01. Also, women were not as accurate as their counterparts at finding the target position, F(1, 124) ϭ 9.02, p Ͻ .01. In addition, the final position errors were significantly more variable in the desert than they were in the forest, F(1, 28) ϭ 20.04, p Ͻ .01.
Final orientation results mirrored those of initial orientation. Women severely underestimated shortcut target orientation in the desert (Ϫ28.12°) and underestimated less so in the practiced leg (Ϫ7.32°), whereas men did not differ in their systematic errors (both ϳϪ12°). A Visual World ϫ Path Type ϫ Sex interaction corroborated that both sexes were relatively accurate when navigating in the forest world, F(7, 254) ϭ 7.53, p Ͻ .01. Final path orientation was much more variable in the desert than it was in the forest, F(1, 30) ϭ 33.49, p Ͻ .01. Mitigating gender differences again, there was a significant Visual World ϫ Path Type interaction, F(3, 254) ϭ 10.42, p Ͻ .01, across mean final orientation and a significant visual world main effect, F(1, 30) ϭ 46.96, p Ͻ .01, across final orientation variability. Once again, this reflects rather poor shortcut performance in the desert world, in contrast with high accuracy in the forest world.
Discussion
The purpose of Experiment 1 was to investigate whether humans build survey knowledge from learned routes and whether such survey knowledge preserves metric distances and angles. In the desert world (see Figure 3 ), participants could, on average, accurately reproduce the initial bearing and distance to a target on the practiced legs, although large variable errors in initial orientation (AD ϭ 30°) accumulated along the path, leading to a wide spread of final positions. But despite this accurate mean learning of the practice legs, participants were not able to make accurate shortcuts. They consistently underestimated the required turning angle (by 19°), undershot the required distance (by 25%), and failed to make course corrections along the path, resulting in large constant errors in final position (47% of the required shortcut distance) and large variable errors in final orientation (AD ϭ 27°).
Such diverging paths and accumulating errors are characteristic of human path integration performance in previous studies (Kearns In the forest world, participants successfully reproduced the practiced legs: (A) home-red and (B) home-blue with similar accuracy but significantly more precision than in the desert world. As they successfully completed the novel shortcut, (C) blue-red and (D) red-blue participants first appeared to rely on initial orientation estimates (as in the desert world). However, participants appeared to recognize something about and home in near target locations, thus accurately completing the novel shortcut. Klatzky et al., 1990; Loomis et al., 1993; Peruch, May, & Wartenberg, 1997; Riecke et al., 2000) . The systematic underturning and undershooting of shortcuts is also consistent with a previously observed bias toward equilateral triangles in triangle completion tasks (Kearns et al., 2002; Klatzky et al., 1990) . Exit interviews agree, for maps drawn by our participants preserved the approximate layout of the targets but also demonstrated an equilateral triangle bias (see Figure 5) .
Performance in the desert and random forest worlds thus indicates that humans cannot accurately perform simple shortcuts, suggesting that their spatial knowledge does not support navigation based on metric distance and angles. Three possible explanations for this finding come to mind. First, it may be that participants had acquired accurate spatial knowledge but failed to express this knowledge in navigation behavior. This possibility cannot be ruled out by the present experiments. However, the question at hand is whether active navigation is based on metric spatial knowledge, and we found no evidence that this is the case. Further, this possibility was considered and ruled out by Fujita et al. (1993) in an analysis of path integration. Second, it may be that participants were indeed attempting to build up metric survey knowledge of the environment from estimates of distance and direction based on path integration, but that the precision and accuracy of this knowledge was limited by the resolution and biases of the path integration system. This could have led to highly variable shortcuts with systematic biases. Third, it may be that although participants could learn target locations accurately, they were unable to integrate this information into survey knowledge that preserved metric distances and angles.
Consistent with the latter view, participants were able to accurately reproduce the initial direction and length of both practiced legs, on average, implying that they had sufficient knowledge to form a metric survey representation of target locations and yet failed to make successful shortcuts. On the other hand, the shortcuts were not completely random but were of roughly the right direction and distance, implying that participants had acquired some spatial knowledge. The observations that initial orientation on the practiced legs was highly variable and that shortcuts exhibited the familiar biases of path integration suggest that participants may have derived some form of spatially coarse survey knowledge from a low-resolution path integration system. Although the exact geometric structure of this spatial knowledge remains to be empirically determined, it is clear from the present results that it is insufficient to support metrically accurate shortcuts, even over relatively short distances of 8 -10 m.
Previous findings in the literature suggest that men use cardinal directions and orient more accurately and with less anxiety than women but that women demonstrate better spatial recall and perform better than men when landmarks are present (e.g., Devlin, 2003; Galea & Kimura, 1993; Tottenham et al., 2003) . In Experiment 1, the performance of female participants in this task appeared to be more disrupted by the removal of potential landmarks, yet when landmarks were available, women did not outperform their male counterparts, as might have been expected. To be specific, during the removal of potential landmarks in the desert world, women consistently walked shorter distances than were required, and they significantly underturned (24°) toward shortcut targets. It is important to note that we did not observe superior female performance with landmarks. We observed no difference in the forest world with regard to final orientation, and men were more accurate than women for final position error. Thus, although some significant sex differences may be observed in this experiment, they appear to be quite task specific and do not easily generalize to reported effects in the literature.
Were participants able to successfully perform metric shortcuts when provided with rich visual structure and commensurate optic flow in the random forest world? Our results suggest that this was not the case. All 8 participants in the random forest condition were unable to perform metric shortcuts or even reproduce learned routes (i.e., home-red and home-blue). In fact, none of these participants were able to successfully complete the initial training even after more than twice the number of trials (and time) required by participants in the two other conditions.
The results from the forest world (see Figure 4 ) stand in sharp contrast with those of the random forest and desert worlds. When placed in an environment populated with potential landmarks, humans appear to rely on them to guide navigation. On both practiced legs and shortcuts, participants accurately navigated to the target locations. For shortcuts, initial orientation was significantly more accurate and precise than it was in the desert world, suggesting that some visible landmarks may have been used to orient toward the target location at the beginning of a trial. Participants then appear to walk without corrections, as in the desert world, until they enter a neighborhood near the target. At this point, midcourse corrections are apparent on many trials (see Figure 4C , D), as the participant reorients and successfully homes in on the remembered target location. Quantitatively, such corrections are evidenced by a more accurate final (Ϫ0.55°) than initial (7.77°) bearing and a corresponding reduction in orientation variability (AD falls from 18°to 5°), yielding a final position error that is only 11% of the required shortcut distance. This pattern of behavior indicates that participants often used local landmarks during the latter part of a shortcut to home in on the target location. Our results suggest that local landmarks must possess a certain amount of spatiotemporal stability in order to be useful to navigating agents (Vuong & Tarr, 2004) . Changing colored post configurations on every trial appeared to be quite disastrous for participants in the random forest world, but when these same random configurations were presented consistently over all trials (in the forest world), they were useful in aiding both learned leg and shortcut navigation. Presumably, required landmark temporal stability lies between these two extremes, and we return to this question in Experiment 4.
The results also suggest the properties of the forest that were useful for navigation. A particular colored post or a distinctive configuration of posts could have served as a landmark, but given that many posts of the same color were present, participants must have relied on some configuration properties. It is interesting to note that they did not navigate to the target position simply by matching the view of a landmark configuration that they had learned during practice, as has been observed in honeybees (Cartwright & Collett, 1983) . Although participants did occasionally approach the target location along the practiced leg (e.g., Figure  4D ), on average they approached it from the shortcut direction, as indicated by a small final orientation error of Ϫ0.55°. Thus, the view of the landmark configuration when completing a shortcut was rotated by an average of 53°, the amount of each shortcut angle (opposite the 73°blue-home-red vertex), with respect to the view available during practice. This implies that participants relied on the distal configuration rather than a learned view of the landmark, consistent with previous human navigation experiments (Spetch et al., 1997; Waller et al., 2000) .
In sum, Experiment 1 suggests that humans do not build up survey knowledge that is used to guide accurate novel shortcuts on the basis of path integration. We propose that coarse, possibly nonmetric, spatial knowledge can be derived in this manner, but that it is limited by the resolution and biases of the human path integration system. Likewise, the rich visual structure (but not stable landmark positions) present in the random forest world is insufficient to support shortcut (or even route) performance. In contrast, when potential landmarks are available, humans exploit them to make accurate novel shortcuts. This provides striking confirmation that humans, like honeybees and other animals, appear to rely heavily on landmark navigation, rather than an accurate cognitive map, to complete novel shortcuts (Dyer, 1991; Dyer et al., 1993; Menzel et al., 1990; ).
Experiment 2: Do Landmarks Specify Target Locations?
The results of Experiment 1 demonstrate that path integration alone is not sufficient to derive survey knowledge that can support accurate shortcuts and indicates that a simpler navigation strategy predominates when visual landmarks are available. In Experiment 2, we directly tested whether humans depend on visible landmarks to take shortcuts by manipulating them after learning. During training, a cluster of colored posts surrounded the red target location. Once the target locations were learned, we covertly shifted these landmarks on catch trials during testing. If participants had relied on the learned spatial locations of the targets based on path integration, we would have expected shortcut paths to be unaffected by the shift. On the other hand, if they had become dependent on landmarks to specify a target location, we would have expected shortcut paths to shift along with the landmark cluster.
Method Participants
In exchange for $10, 12 naïve undergraduate students from Brown University participated. None of these students had participated in Experiment 1, and they signed informed consent waivers before the start of Experiment 2. Equal numbers of men and women participated in this experiment, and they ranged in age from 19 to 26 years.
Apparatus
This experiment was conducted in the VENLab with the same apparatus as Experiment 1. However, because of equipment repairs, a similar HMD was substituted (Cybermind Visette Pro, Cybermind Interactive Nederland, Maastricht, the Netherlands). This HMD had a 60°H ϫ 46.8°V field of view, the same 640 ϫ 480 resolution for each eye, and the same update rate of 60 Hz.
Displays
In order to isolate the potential effects of landmarks at the beginning or end of a route, the virtual world contained a textured ground plane with a cluster of seven colored posts situated near the red target location (see Figure 6A ). These posts were identical to those used in Experiment 1. They were randomly positioned in a cluster 4 m in diameter whose center was slightly offset from the red target (by 1 m) so that it could not act as a simple landmark for the target location (see also Figure 6B ). We used the same configuration of posts for all participants.
Procedure
We used the same training procedure and navigation task that we used in Experiment 1. Participants were trained on the two legs of the triangle until they could consistently locate the remembered targets with an accuracy of 1 m as before, after which they completed a series of somewhat different test trials. Because we previously found no significant effects of training order, all participants began their training with the home-red leg.
Testing
In this experiment, we tested only the novel shortcuts. Participants received one block of 12 trials in which they walked toward the cluster of colored posts (blue-red) and another block in which they walked away from it (red-blue), in a randomly determined order. The wheelchair was again used to return the participant to an initial position at home (with the display off), followed by guided walking to the start location at blue or red (with the display on, but with no targets visible). On 4 randomly inter- spersed catch trials per block, the cluster of posts was translated by 1.5 m (a visual angle of 9.0°) in a direction perpendicular to the red-blue shortcut path, either toward home (interior shift) or away from home (exterior shift). This procedure yielded 16 control and 8 catch trials for each participant for a total of 288 test trials.
Analyses
We computed the same dependent measures as in Experiment 1. In addition, we analyzed the response path with respect to two ideal paths: a target path based on the original target location as before and a landmark path based on the position of the landmark cluster, which was shifted on catch trials. We performed a 2 (direction of travel: toward or away from the landmarks) ϫ 2 (shift: stationary or shifted landmarks) ϫ 2 (participant sex) mixed-design ANOVA on path length and final position errors and on the corresponding within-subject SDs. We analyzed the shift conditions with a more conservative between-subjects test because of the unequal numbers of control and perturbed trials. We analyzed orientation with Watson-Williams tests for circular data, as before. Because we found no significant effect of shift direction (interior vs. exterior), we collapsed these conditions in the analyses below.
Results
Sample shortcut paths from a representative participant appear in Figure 7 . The cluster of colored posts surrounded the red target in each panel, although it is not shown here for purposes of clarity. When participants traveled away from the landmarks ( Figure 7A , B), walking paths diverged from the starting location, similar to those for the desert world in Experiment 1 (compare with Panels C and D in Figure 3) . Participants underestimated the target direction, undershot the required distance, and failed to complete the shortcut. On the other hand, when traveling toward the stationary landmarks ( Figure 7C, D) , participants successfully completed the shortcut with high accuracy in control trials (solid black curves). Moreover, on catch trials (dashed gray curves), their paths shifted to follow the landmarks completely. There were no significant performance differences with respect to participant sex in this experiment (all ps Ͼ .05). Quantitative results appear in Table 2 .
Initial Orientation
The initial orientation of the path was somewhat negative when participants traveled away from the landmarks, indicating a slight underturning with respect to target locations, and somewhat positive when traveling toward landmarks, except during probe trials, as confirmed by a significant Direction ϫ Shift interaction, F(3, 286) ϭ 6.19, p Ͻ .01. There were no significant differences in the variability of initial orientation, (all ps Ͼ .05) across all conditions (see Table 2 ).
Path Length
When participants walked toward the landmarks, they traveled the correct 950-cm shortcut distance, but when they walked away 
Final Position and Orientation
With regard to the final accuracy of shortcuts, there was a clear advantage of traveling toward target positions surrounded by local landmarks. On control trials, when participants traveled toward the landmarks, final position errors were only 0.33 m, but when traveling away from the landmarks they were 3.8 m (see the Direction ϫ Shift interaction below), and their variability was much higher, F(1, 22) ϭ 52.08, p Ͻ .01. In addition, final orientation was significantly more accurate, F(1, 286) ϭ 4.15, p Ͻ .05, and consistent, F(3, 46) ϭ 23.54, p Ͻ .01, when participants traveled toward the landmarks rather than away from them.
On catch trials, the final position error with respect to the original target location (both sexes combined M ϭ 150.92 cm) exactly matched the 150-cm landmark shift when participants walked toward the landmarks. When participants walked in the opposite direction, the shift had little effect, yielding a significant Direction ϫ Shift interaction, F(1, 142) ϭ 11.14, p Ͻ .01. Thus, when the landmarks were covertly moved between trials, participants faithfully followed them.
Reanalysis of Ideal Path
Another way of viewing the data is to compute final position and orientation with respect to an ideal path determined by the position of the landmarks, rather than the original location of the target, on both control and catch trials. This reanalysis strongly suggests that participants were following the shifted visual landmarks. The previously observed significant interaction of final position error with respect to an ideal path (see the Direction ϫ Shift interaction above) was not significant here. Instead, only a significant main effect for direction is observed in participant means, F(1, 142) ϭ 389.54, p Ͻ .01, and variability, F(1, 22) ϭ 47.07, p Ͻ .01. In other words, when traveling toward landmarks, participants were equally accurate on control and catch trials, with final position errors of only 0.33 m and 0.56 m, respectively (combined across both sexes) compared with traveling away, where average errors were greater by an order of magnitude. This main effect is mirrored in final orientation, F(1, 286) ϭ 4.53, p Ͻ .05, and its variability, F(3, 46) ϭ 25.06, p Ͻ .01. In sum, participants navigated to the visual positions of landmarks with great accuracy.
Discussion
The results of Experiment 1 indicated that humans were not able to perform novel shortcuts accurately without visual landmarks. Our purpose in Experiment 2 was to directly evaluate the influence of potential landmarks positioned at the beginning and end of a shortcut. With landmarks at the beginning ( Figure 7A, B) , we found that participants were unable to take accurate shortcuts and missed the target by 40% of the required shortcut distance. Furthermore, the responses of the participants demonstrated characteristic path divergence, undershooting, and lack of corrections suggestive of path integration, as in the desert world of Experiment 1. The cluster of landmarks about the starting position did appear to aid initial bearing estimates, for the variability in initial orientation (AD ϭ 9°) was much smaller than it was in the desert (30°) and forest (23°) worlds of Experiment 1.
In contrast, with landmarks about the target, participants appeared to rely on them as beacons for navigation ( Figure 7C, D) . Initial orientations were precise, and participants walked directly and accurately to the remembered target location, with final position errors that were only 3% of the shortcut distance and orientation errors of only Ϫ1°. Critically, when the visual landmarks were shifted by 1.5 m, participants followed the landmarks completely. Once again, they did not simply match a learned view of the landmark cluster, for on shortcuts, they approached the cluster from a direction that was rotated by about 53°, on average, from the practiced leg (see also Spetch et al., 1997; Waller et al., 2000) . Finally, unlike in Experiment 1, there were no significant sex differences observed in this study. These results provide clear evidence that humans, like honeybees, rely on landmarks as navigational beacons to take novel shortcuts when they are available. This form of landmark navigation provides a simpler and more accurate strategy than deriving metric survey knowledge of the environment from path integration. In Experiments 3 and 4, we explore the influence of the location of landmarks and the magnitude of displacement on shortcut behavior.
Experiment 3: Do Landmarks Specify Routes?
Although landmarks at the starting position aid initial bearing estimates, they are not sufficient for accurate shortcut performance. On the other hand, landmarks located near the target can enable (or derail) successful shortcuts. In Experiment 3, we asked whether participants similarly rely on landmarks to specify a route to a target. We positioned the cluster of posts in the middle of the shortcut between the red and blue targets and tested its influence using the shift paradigm. The cluster could no longer serve as a beacon marking the target location, but it could be used to mark a route connecting the two targets. If participants learned the target locations in space, shifting the cluster on catch trials should have had no effect on the shortcut path. But if participants depended on landmarks to define routes to target locations, we would have expected the shortcut paths to shift along with the landmarks.
Method Participants
In exchange for $10, 10 naïve undergraduates (6 male and 4 female Brown University undergraduates age 19 -22 years) participated in this experiment. None of them had participated in Experiments 1 or 2, and all signed informed consent waivers prior to participating.
Apparatus and Procedure
We performed this experiment using the same apparatus that we used in Experiment 1, with the Kaiser HMD. The displays were the same as in Experiment 2, except that the cluster of seven colored posts was positioned at the midpoint of the blue-red path. Participants were thus presented with a cluster of potential local visual landmarks along the route of a novel shortcut. The training and testing procedures were the same as in Experiment 2. However, on catch trials, the colored posts were shifted by only 0.75 m in order to preserve the visual angle of the shift (9.0°) used in Experiment 2 (see Figure 8A ). The participants each received 16 control and 8 catch trials for a total of 240 test trials.
Analyses
In addition to the dependent measures used previously, we also computed the relative midpoint error to assess whether participants adjusted their paths at the midpoint of their shortcuts where the landmarks were located. We recorded the position at which a participant's path intersected the circumference of a 4.75-m radius circle centered at the starting point. We computed a mean value for a participant's control trials, and we compared this mean value with every (both control and catch) trial.
Relative midpoint error captures the magnitude of participants' shifted paths (during the middle of their responses) across control and catch trials. Furthermore, by analyzing this measure with respect to the shifted visual landmarks, one could capture whether the aforementioned shifts (if present) were, in fact, in reference to the visual positions of the landmarks. Finally, we analyzed the dependent measures with respect to ideal paths for both the normal and shifted landmarks. We performed a 2 (direction of travel: blue-red or red-blue) ϫ 3 (landmark: control, interior, and exterior shift) ϫ 2 (participant sex) mixed ANOVA on all linear dependent measures. As before, we analyzed landmark conditions with a between-subjects design because of unequal trials across the conditions. We analyzed orientation errors with Watson-Williams tests.
Results
Sample paths are presented in Panels B and C in Figure 8 , and quantitative results appear in Table 3 . Overall, the shortcuts are fairly accurate and consistent, falling between the accuracy and consistency demonstrated in the two direction conditions of Experiment 2. In contrast with Experiment 2, shifting the landmarks did not significantly affect shortcut paths at the start or the end of a trial (all ps Ͼ .05). However, analysis of relative midpoint error revealed that the shortcut path was affected by the landmark shift en route to the target, F(2, 117) ϭ 27.10, p Ͻ .01. When this error was recomputed with respect to the shifted landmark position, there was no statistical difference between control and catch trials, F(2, 117) ϭ 3.03, p Ͼ .05, suggesting that participants followed the landmarks on both the interior and exterior shifts. However, once past the landmarks, the paths continue to diverge, such that the final positions are variable and do not differ statistically. Finally, we found no significant differences across participant sex (all ps Ͼ .05).
Discussion
The results of Experiment 2 indicated that participants relied on landmarks when they were placed at the start or end of a novel shortcut. We designed Experiment 3 to test whether they similarly used landmarks when they appeared along a shortcut route. The results show that participants depended on landmarks to specify a route locally. However, once the landmarks were passed, path corrections ceased, and errors started to accumulate (as may be expected when landmarks are unavailable for corrective sightings; see Kuipers, 2000; Nadel, 1990; Trullier et al., 1997) , as in the desert world of Experiment 1. As a consequence, shifting the landmarks by only 0.75 m was not sufficient to significantly affect the final position and orientation on catch trials.
These results provide further evidence that survey-based navigation is superseded by a landmark navigation strategy when visible landmarks are available, whether they serve as beacons at the target location or mark paths en route. Even though participants did not actually walk near the cluster of posts during the practice legs, they quickly came to rely on it during the shortcut test, to the point of following it almost completely on catch trials. The presence of landmarks also reduced variability in initial orientation (AD ϭ 14°) compared with the desert world in Experiment 1 (AD ϭ 30°).
It is interesting to note that participants did not notice the covert shift in landmark position on catch trials and followed them almost completely. This is perhaps not surprising given the coarse reso-lution of human path integration. A shift of only 9°falls well within the standard deviations observed in triangle completion tasks, which are on the order of 30° . This raises the question of how large a shift will be tolerated such that landmarks continue to capture shortcut behavior.
Experiment 4: Magnitude of Landmark Shift
On one hand, in Experiment 3, participants did not notice when landmarks at the midpoint of the shortcut were shifted by 0.75 m (9°) and followed them when taking a shortcut path. On the other hand, this shift did not significantly alter their final position and orientation, because shortcut paths began to diverge after the landmarks were passed. In Experiment 4, we doubled the magnitude of the shift to 1.5 m (18°), so that the displacement was equal to that in Experiment 2 when the landmarks specified the target position.
Method Participants
In exchange for $10, 5 male and 5 female Brown University undergraduates (age 19 -22 years) participated in this experiment. None of them had participated in Experiments 1-3, and all signed informed consent waivers prior to participating.
Procedure
This apparatus, displays, procedure, and analyses were the same as they were Experiment 3. However, on catch trials, the cluster of colored posts was translated 1.50 m orthogonal to the red-blue path in either an exterior or an interior direction (see Figure 9A) .
Results
Exit interviews revealed that unlike all previous participants, 4 (3 men and 1 woman) of the current participants detected the larger Figure 8 . A: Schematic of navigation task used in Experiment 3. In order to test the effect of landmarks along a route, we placed a small cluster of colored posts along the center of the red-blue path (dotted line). During probe trials, this cluster was translated in both directions to match the visual angle (9.0°) of the shift of Experiment 2 (dashed line). Typical walking responses (with posts removed for clarity) of a single participant walking the blue-red (B) and red-blue (C) shortcuts are shown here. Solid black trajectories represent control trials, and dashed gray trajectories are catch trials. Filled circles mark the home position, open circles indicate red and blue targets, and the black arrow indicates the direction of travel. Significant midpath differences reveal that participants followed shifted landmarks until passed, whereupon path integration appears to dominate. Deg ϭ degrees.
shift in visual landmarks on catch trials. We analyzed their data separately and present the results of the 6 typical participants first. Because of the small sample size, we did not perform an analysis across participants' sex.
Participants Who Did Not Detect the Shift
The 6 participants who did not detect the landmark shift took shortcuts that partially followed the landmarks. Sample paths appear in Panels A and B in Figure 9 ; quantitative results appear in Table 4 .
Initial orientation. Participants were clearly influenced by the position of the landmarks at the start of the trial, for the signed initial orientation error was significantly influenced by the landmark shift, F(2, 142) ϭ 10.99, p Ͻ .01. When we reanalyzed initial orientation with respect to the positions of the landmarks, this difference went away, F(2, 142) ϭ 0.11, ns, and errors were all below 2°, indicating that the initial bearing was completely captured by the visible landmarks. There were no significant differences in the variability of either measure ( ps Ͼ .05).
Path length and midpoint error. Path length was unaffected by the landmark shift, F(2, 69) ϭ 0.29, ns. But shifting the landmarks along a route did affect the observed path, as reflected in significantly larger midpoint errors on catch trials, F(2, 69) ϭ 376.58, p Ͻ .01. However, this statistical difference did not go away when midpoint errors were recomputed with respect to the shifted landmark positions, F(2, 69) ϭ 645.89, p Ͻ .01. Post hoc tests revealed that in both analyses, participants were significantly more accurate on control trials than they were on either interior or exterior shift trials. This pattern of results suggests that participants did not completely follow the shifted landmarks.
Final position and orientation. In contrast with Experiment 3, the larger landmark shift did have a significant effect on final position, F(2, 69) ϭ 21.23, p Ͻ .01, although this difference remained when we recomputed errors with respect to shifted landmark positions, F(2, 69) ϭ 5.39, p Ͻ .01. This is consistent with the result for midpoint errors, indicating a partial influence of the landmark shift on shortcuts. In contrast, a significant effect of the shift on final orientation error, F(2, 142) ϭ 56.02, p Ͻ .01, did disappear when these data were analyzed with respect to the shifted landmark positions, F(2, 142) ϭ 0.01, with errors of only Ϫ3°. These results suggest that the final bearing was completely captured by the landmarks. We observed no significant differences for angular deviation in either analysis (all ps Ͼ .05).
Participants Who Detected the Shift
The 4 participants who detected the landmark shifts were largely unaffected by them and showed shortcut paths that diverged from the starting point (see Figure 10 and Table 5 ). There were no statistical differences between control and catch trials for initial orientation error, path length, midpoint error, or final orientation error (all ps Ͼ .05). There was a significant difference in final position error between the interior and exterior shift, F(2, 45) ϭ 4.01, p Ͻ .03, but the magnitude of the difference actually increased when we reanalyzed it with respect to the shifted target positions, F(2, 45) ϭ 26.14, p Ͻ .01. Taken together, these results indicate that participants who were aware of the shifts largely ignored the landmarks and exhibited paths similar to those based on path integration. Their performance was less precise than that of participants who traveled away from landmarks in Experiment 1 but was not as poor as that in the desert world of Experiment 1.
Discussion
In Experiment 3, a small covert shift of landmarks placed along a route influenced shortcut trajectories only locally, without significant differences at the start or end of the observed path. In this experiment, we doubled the magnitude of the shift. Most participants continued to rely on the landmarks as route markers until they were passed, whereupon paths began to diverge, but the larger shift was sufficient to induce significant differences in the participants' initial orientation as well as the final position and orientation. At the midpoint, the path deviation was 94% of the magnitude of the landmark shift, demonstrating that participants were strongly influenced by the landmarks. However, the reanalysis with respect to the shifted landmark positions revealed a residual difference, indicating that they did not follow the landmarks completely.
It is interesting to note that unlike all previous participants, several reported noticing the displaced landmarks and appeared to almost completely ignore them. This finding suggests that when the landmarks were perceived as unstable, participants were able to fall back on another navigation strategy. During training, participants did not know that they would be asked to take shortcuts near the landmark cluster, or that the landmarks would become unstable. Thus, in order to use the cluster as a route marker, they must have learned that it was roughly collinear with the two targets during training. Likewise, in order to navigate after noticing the cluster's unreliability, they must have acquired some coarse spatial knowledge about the target locations, presumably derived from path integration during training on the practice legs. These observations imply that participants had both navigational strategies available to them, even when landmarks were present during learning.
General Discussion
We designed these experiments to investigate whether adult humans integrate learned routes into map-like survey knowledge for the purposes of navigation and to explore the geometric properties of such spatial knowledge. In addition, we had hoped that our present results might address some of the longstanding issues regarding age and sex differences previously reported in the literature. However, because of the narrow age range of our participants, we did not investigate age differences. Furthermore, although we observed several small but significant sex differences in Experiment 1, the limited sample of these experiments suggests caution in interpretation. At least in these carefully controlled free-walking VR experiments (see also Kearns et al., 2002) , we cannot reject the null hypothesis that men and women are more alike than they are different.
We find that in the absence of visual landmarks, humans (of both sexes) can learn two legs of a triangle with some accuracy, but performance on novel shortcuts is inaccurate and highly variable, with final position errors that are more than half of the required shortcut distance and angular deviations on the order of 30°. The pattern of diverging paths, underestimated angles, and undershot distances is reminiscent of performance on path integration tasks. In contrast, when visual landmarks are available but inconsistent (in the random forest world), both shortcut and route learning are disrupted. Finally, when stable landmarks are present, shortcuts are much more accurate and precise, whether the landmarks are widely dispersed, provide a beacon near the target, or mark a shortcut route. Thus humans, like honeybees, appear to rely heavily on landmarks for accurate navigation when they are available. These findings allow us to draw a number of conclusions about human spatial knowledge and navigation strategies.
First, as humans travel specific routes through a new environment, they do not appear to build up metric survey knowledge of the layout of target positions that is manifested in subsequent navigation behavior. If people can estimate the distances and directions of practiced routes, they should in principle be able to integrate this information into a metric representation of the environment that will support successful shortcuts (Gallistel, 1990) . However, observed shortcuts in the desert world are neither accurate nor precise but exhibit systematic underturning and undershooting with large variable errors. This result implies that human spatial knowledge that is used in navigation cannot be characterized as a euclidean cognitive map that preserves accurate information about distances and angles (Bennett, 1996; Harrison, Warren, & Tarr, 2004; Wehner & Menzel, 1990) .
Second, shortcuts in the desert world are not random but are of roughly the correct direction and distance. This observation implies that some form of survey knowledge is derived from experience on practiced routes, but it appears to be very coarse and possibly noneuclidean. Information about distances and angles traveled could be provided by path integration, but the encoding of such information is inherently noisy (Fujita et al., 1993; Maurer & Seguinot, 1995) . Human performance on path integration tasks is particularly variable and exhibits constant errors (Kearns et al., 2002; Klatzky et al., 1990; Loomis et al., 1993; Peruch et al., 1997; Riecke et al., 2000) in comparison with other species that are specialized for path integration (M. Collett, Collett, & Wehner, 1999; Wehner & Menzel, 1990) . This suggests that a form of coarse survey knowledge may be derived from path integration, but its accuracy and precision is greatly limited by the resolution of the human path integration system. Third, humans rely primarily on visible landmarks to perform novel shortcuts. In the present experiments, participants could make successful shortcuts only when landmarks were available near the target location. They appeared to use landmarks as navigational beacons that permitted accurate bearing estimates and allowed them to home in on the target location (Aginsky, 2001; Hamilton et al., 2002; Waller et al., 2000) and to mark routes between target locations. Further, shortcut navigation appears to be based on the distal configuration of landmarks, rather than matching a proximal image learned during training (consistent with Spetch et al., 1997; Waller et al., 2000) . When placed in competition with spatial knowledge derived from path integration, landmarks dominated shortcut behavior almost completely, the only exception being small deviations from the landmark predictions in Experiment 3. This result is strikingly consistent with the dependence on visual landmarks during shortcuts observed in honeybees, rats, and other animals (Dyer, 1991; Morris et al., 1982) and illustrates how highly accurate and apparently metric behavior can be achieved with relatively simple nonmetric navigation strategies (Bennett, 1996; Wang & Spelke, 2002) . Fourth, landmark navigation may be based on a relatively weak form of topological survey knowledge that preserves the ordinal, connectivity, and boundary relations between salient places in the environment. A network of boundaries may form a skeleton in a topological map that supports travel on known routes, as well as novel shortcuts and detours, if such places and routes are associated with visible landmarks or distinctive environmental structure (Kuipers et al., 2003) . We find that humans depend on landmarks that specify target locations as beacons to guide shortcuts, as well as those that specify routes between target locations. Thus, novel shortcuts and detours appear to be guided by visible landmarks that mark known targets or routes, enabling the formation of new paths in a topological structure. Extended routes may be denoted by an ordinal sequence of landmarks and may serve as boundaries that demarcate coarse spatial regions or neighborhoods.
Such results are consistent with skilled navigation behavior in both real (Chase, 1983; Giraudo & Peruch, 1988; Peruch et al., 1989) and virtual mazes (Gillner & Mallot, 1998; Harrison et al., 2004) . Despite the fact that such topological knowledge is nonmetric, it is robust to noise in path integration and execution and provides a powerful basis for accurate way finding (Golledge, 1999; Kuipers et al., 2003; Levine et al., 1982; Thorndyke & Hayes-Roth, 1982) . Recent studies of shape perception offer an interesting parallel in which humans are highly accurate at judging qualitative surface features (landmarks) such as hills and dales or courses and ridges but are quite inaccurate at judging metric properties such as local slant or curvature (Koenderink, van Doorn, & Kappers, 1996; Perotti, Todd, Lappin, & Phillips, 1998; Phillips, Todd, Koenderink, & Kappers, 2003; Tittle, Todd, Perotti, & Norman, 1995) .
Fifth, however, reliance on landmarks appears to depend on perceived stability, which may in turn depend on path integration. Participants who noticed that the landmark cluster had been displaced in Experiment 4 largely ignored it when taking shortcuts. In this case, the perceived stability of a single landmark depends on path integration: In order to detect that a landmark has shifted, its expected position must be updated as one travels about the environment. A landmark shift presumably becomes detectable as the displacement approaches the resolution of the path integration system, and we are currently investigating this hypothesis. In a more complex environment with multiple landmarks, stability may be determined from changes in perceived landmark configuration, and when this stability is disrupted (e.g., the random forest of Experiment 1), accurate navigation is gravely compromised. Finally, the present findings indicate that humans have at least two distinct navigational strategies available to them and can switch adaptively between them. Participants generally rely on accurate landmark-based navigation, but can fall back on survey knowledge derived from path integration if landmarks are absent or perceived as unreliable. Moreover, it appears that both coarse survey knowledge and landmark-based topological knowledge are acquired simultaneously as one explores a new environment. Whether they are integrated in some form of unified spatial knowledge or are independent and strategy-specific remains an interesting question. Our data support the hypothesis that humans depend on the simplest, most reliable navigation strategy available. Other research suggests that desert ants initially rely on path integration to return to their nest when learning a new environment but switch to a dependence on path landmarks with experience (T. S. Collett, Chameron, Schatz, Graham, & Beugnon, 1999) . We have recently found that humans, in contrast, rely on visual landmarks (especially in complex urban environments, e.g., Lynch, 1960 ) from the first trial in a new environment (Foo, Warren, & Tarr, 2004) .
In sum, the present findings indicate that humans do not integrate experience on specific routes into a metric cognitive map for navigation but rely on rough survey knowledge from path integration. Rather, they primarily depend on a landmark-based navigation strategy, which can be supported by qualitative topological knowledge of the environment.
